The in vitro antibacterial activity of the hydroxyl radical generation system by the photolysis of H 2 O 2 in combination with proanthocyanidin, which refers to a group of polyphenolic compounds, was examined. Bactericidal activity of photo-irradiated H 2 O 2 at 405 nm against Streptococcus mutans, a major pathogen of dental caries, was augmented in the presence of proanthocyanidin, whose bactericidal effect by itself was very poor, in a concentration-dependent manner. This combination was also proven effective against Porphyromonas gingivalis, a major pathogen of periodontitis. It is speculated that H 2 O 2 , generated from photo-irradiated proanthocyanidin around the bacterial cells, is photolyzed to the hydroxyl radical, which would in turn affect the membrane structure and function of the bacterial cells, resulting in augmented sensitivity of bacterial cells to the disinfection system utilizing the photolysis of H 2 O 2 . The present study suggests that the combination of H 2 O 2 and proanthocyanidin works synergistically to kill bacteria when photo-irradiated.
though the 1 M H 2 O 2 corresponds to approximately 3 %, a concentration used in the oral cavity as a disinfectant, it would be better to reduce the concentration of H 2 O 2 in terms of the safety aspect.
Proanthocyanidin, also known as procyanidin, refers to a group of polyphenolic compounds naturally occurring in fruits, vegetables, nuts, seeds, and flowers Fine 2000 , and is a polymer of flavan-3-ol, such as + -catechin, --epicatechin, and --epicatechin gallate, with an average degree of polymerization between 2 and 17 Prieur et al., 1994; Rice-Evans et al., 1996 . Proanthocyanidin is noteworthy for its antioxidative activity. Since the phenolic hydroxyl group in its structure acts as a hydrogen donor, proanthocyanidin can effectively scavenge free radicals Soobrattee et al., 2005 . Recently we have shown that photo-irradiated gallic acid, a phenolic compound, can exert potent bactericidal activity in 5-15 min Nakamura et al., 2012 . In 
INTRODUCTION
Applying the oxidative power of hydroxyl radicals to disinfection systems has been attempted by utilizing the sonolysis of water and photolysis of hydrogen peroxide H 2 O 2 in our laboratory Hayashi et al., 2012; Ikai et al., 2010; Iwasawa et al., 2009; Shirato et al., 2012; Yamada et al., 2012 . In the latter system designed for the treatment of periodontitis, hydroxyl radicals generated by the photolysis of 1 M H 2 O 2 could kill oral pathogenic bacteria in as short a period of time as 1-3 min. As the light source, a laser diode at 405 nm or a light emitting diode LED at 400 nm was used to avoid the ultraviolet range in terms of clinical application Feuerstein et al., 2006; Sakai et al., 2007 . Even agar Becton Dickinson Labware, Franklin lakes, NJ, USA and Brucella agar containing hemin and vitamin K Brucella HK agar, Kyokuto Pharmaceutical Industrial, Tokyo, Japan with 5% v/v horse blood Nippon Bio-Supp.Center, Tokyo, Japan , respectively, using the Anaero Pack Mitsubishi Gas Chemical Company, Tokyo, Japan at 37 . Then, the bacterial suspension of S. mutans was prepared in sterile PBS. The suspension was adjusted to approximately 1 10 8 colony forming units CFU /ml.
The effect of the concentration of proanthocyanidin and H 2 O 2 on the bactericidal potency against S. mutans was examined in a 96-well microplate. An aliquot 100 l of each concentration of proanthocyanidin-H 2 O 2 solution was mixed with 100 µl of the bacterial suspension to make final concentrations of 5 10 7 cells/ml for bacteria, and 1-8 mg/ml for proanthocyanidin, and 125-500 mM for H 2 O 2 . The mixture was immediately irradiated with the laser light for 3 min. The diameter of the irradiation field was set to equal to that of the well 6.4 mm so that almost all of the light could pass through the test solution. Thus, the energy density was calculated to be 930 mW/cm 2 . After irradiation, 50 µl of the sample was mixed with an equal volume of sterile catalase Wako Pure Chemicals, Osaka, Japan solution 5000 U/ml to terminate the bactericidal effect of the remaining H 2 O 2 . A ten-fold serial dilution of the mixture was then prepared using sterile PBS and 10 µl of the dilution was seeded onto BHI agar as described above to determine the number of viable microorganisms in the suspension. The agar medium was cultured for 2 d under the conditions as described above. The number of CFU/ml was then determined.
Similarly, a bactericidal test against P. gingivalis was performed to confirm the combined effect of H 2 O 2 20-320 mM and proanthocyanidin 2 mg/ml . The experimental procedure was identical to that in the bactericidal test against S. mutans as described above except that the bacterial suspension of P. gingivalis was prepared to be approximateiy 1 10 8 CFU/ml in Difco TM Anaerobe Broth MIC Becton Dickinson Labware , photo-irradiation was carried out for 30 s, and incubation was carried out on Brucella HK agar with 5% v/v horse blood for 7 d. All of the tests were performed in triplicate.
ESR analysis for hydroxyl radical
The yield of hydroxyl radicals was determined by an electron spin resonance ESR -spin trapping technique as reported in our previous studies Hayashi et al., 2012; Ikai et al., 2010; Nakamura et al., 2012; Shirato et al., 2012; Yamada et al., 2012 . In a microplate well, 150 µl of proanthocyanidin-H 2 O 2 solution 50µl of proanthocyanidin was mixed with 100µl of H 2 O 2 and addition, we have found that photo-irradiated proanthocyanidin also can kill bacteria effectively unpublished data . Polyphenolic hydroxyl groups of gallic acid or proanthocyanidin are oxidized by the photo-irradiation, and a resultant proton coupled with an electron transfers to dissolved oxygen and results in H 2 O 2 generation Arakawa et al., 2004 . Then, the resultant H 2 O 2 would be photolyzed to generate hydroxyl radicals, which in turn would cause oxidative damage, including lipid peroxidation to the bacterial cells Nakamura et al., 2012 .
The purpose of the present study is to examine if there is a synergistic effect of the photolysis of H 2 O 2 and photo-irradiated proanthocyanidin on the bactericidal action against Streptococcus mutans and Porphyromonas gingivalis, the pathogens involved in dental caries and periodontitis, respectively Marsh and Nyvad, 2003; Haffajee et al., 2006 , in relation to hydroxyl radical formation.
MATERIALS AND METHODS

Reagents and test materials
Reagents were purchased from the following sources: proanthocyanidin Leucoselect ® from Indena Milano, Italy ; 4-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl TEMPOL from Sigma Aldrich St. Louis, MO, USA ; 5,5-dimethyl-1-pyrroline N-oxide DMPO from Labotec Tokyo, Japan ; H 2 O 2 from Santoku Chemical Industries Tokyo, Japan ; and xylenol orange from Wako Pure Chemicals Osaka, Japan . All other reagents used were of analytical grade. A continuouswave laser device RV-1000; Ricoh Optical Industries, Hanamaki, Japan which radiates a light with a wavelength of 405 5 nm and with an output power of 300 mW from the laser diode of indium gallium nitride was used as a light source according to our previous study Hayashi et al., 2012; Ikai et al., 2010; Yamada et al., 2012 . The powder of proanthocyanidin was dissolved in phosphate buffered saline PBS, pH 7.4 , and was diluted with PBS to make given concentrations for each experiment at the time of use followed by sterilization. Then, the sterile proanthocyanidin solution was mixed with the same volume of different concentrations of H 2 O 2 hereafter described as proanthocyanidin-H 2 O 2 solution .
Bactericidal test
The bactericidal test was performed basically according to the method described in our previous study Ikai et al., 2010; Shirato et al., 2012 . Stock culture strains of S. mutans JCM 5705 and P. gingivalis JCM 12257 obtained from the Japan Collection of Microorganisms, RIKEN BioResource Center Wako, Japan were anaerobically cultured on Brain Heart Infusion BHI count. This tendency became clear with increased concentrations of H 2 O 2 , and with 500 mM H 2 O 2 , the colony count prominently decreased by approximately a 5 log reduction when treated with 8 mg/ml of proanthocyanidin. To further confirm the synergistic effect of H 2 O 2 and proanthocyanidin upon photo-irradiation, the bactericidal effect of photo-irradiated proanthocyanidin-H 2 O 2 solution on P. gingivalis was examined Fig. 2 . As in the case with S. mutans, 2 mg/ml of proanthocyanidin significantly augmented the bactericidal activity of photo-irradiated H 2 O 2 at concentrations of 80 and 320 50 µl of DMPO were mixed to reach final concentrations of 1-8 mg/ml for proanthocyanidin, 125-500 mM for H 2 O 2 , and 445 mM for DMPO. Immediately after mixing, the mixture was photo-irradiated for 15 s. After irradiation, the sample was transferred to a quartz cell for ESR spectrometry and the ESR spectrum was recorded on an X-band ESR spectrometer JES-FA-100; JEOL, Tokyo, Japan .
The measurement conditions for ESR were as follows: field sweep, 331.4-341.4 mT; field modulation frequency, 100 kHz; field modulation width, 0.1 mT; amplitude, 80; sweep time, 2 min; time constant, 0.03 s; microwave frequency, 9.420 GHz; and microwave power, 4 mW. TEMPOL 20 µM was used as a standard to calculate the concentration of spin adduct of hydroxyl radical DMPO-OH , and the ESR spectrum of manganese Mn 2+ held in the ESR cavity was used as an internal standard. The concentration of DMPO-OH was determined using Digital Data Processing JEOL, Tokyo, Japan . All of the tests were performed in duplicate.
Colorimetric analysis for H 2 O 2
The H 2 O 2 content of the proanthocyanidin solution in PBS with or without photo-irradiation for 3 min was determined by the colorimetric method based on the peroxide-mediated oxidation of Fe 2+ followed by the reaction of Fe 3+ with xylenol orange Jiang et al., 1990 . An aliquot 500 l of the reaction mixture 500 M ammonium ferrous sulfate, 50 mM sulfuric acid, 200 M xylenol orange, and 200 mM sorbitol was added to 500 l of the proanthocyanidin solution in PBS. Proanthocyanidin solutions in PBS were diluted as appropriate. After 45 min at room temperature, absorbance at 560 nm was read using a spectrophotometer Gene Quant, GE Healthcare, Buckinghamshire, UK .
Statistical analyses
Statistical significances p<0.05 in the logarithmically-converted CFU/ml of S. mutans and of P. gingivalis were assessed by Dunnet s test for multiple comparison with corresponding proanthocyanidin-free control and Student s t-test for pairwise comparisons, respectively.
RESULTS AND DISCUSSION
The bactericidal effect of the photo-irradiated proanthocyanidin-H 2 O 2 solution on S. mutans is summarized in Fig. 1 . The colony count decreased dependently on the concentration of not only H 2 O 2 but proanthocyanidin. Even under the condition without H 2 O 2 , significant reduction in the colony count was observed when samples were treated with 4 and 8 mg/ml of proanthocyanidin as compared with the initial colony   FIG. 1 . Effect of proanthocyanidin on the bactericidal action of photo-irradiated H 2 O 2 against Streptococcus mutans. Each value represents the mean + standard deviation n=3 . Significant differences from the corresponding proanthocyanidin-free groups are shown as P<0.05 * and P<0.01 ** . Inoculum size was expressed as Initial, and PA stands for proanthocyanidin.
FIG. 2. Effect of proanthocyanidin on the bactericidal action of photo-irradiated H 2 O 2 against Porphyromonas gingivalis .
Each value represents the mean + standard deviation n=3 . Significant differences from the corresponding proanthocyanidin-free groups are shown as P<0.05 * and P<0.01 ** . Inoculum size was expressed as Initial, and PA stands for proanthocyanidin. irradiated proanthocyanidin-H 2 O 2 solutions. Under the condition without proanthocyanidin, the yield of DMPO-OH as an indicator of hydroxyl radicals increased dependently on the concentration of H 2 O 2 . This concentration-dependent increase in hydroxyl radical yield was attenuated by the treatment with proanthocyanidin in a concentration-dependent manner, and when 8 mg/ ml of proanthocyanidin was dissolved in 500 mM H 2 O 2 , the hydroxyl radical yield was reduced by approximately 60 %.
To further confirm if H 2 O 2 is generated when the proanthocyanidin solution in PBS is photo-irradiated, the yield of H 2 O 2 was determined. Figure 5 summarizes the hydroxyl radical yield in proanthocyanidin solutions in PBS with or without photo-irradiation. Although the yield of H 2 O 2 linearly increased with the proanthocyanidin concentrations even without photo-irradiation, the yield became more than double when photo-irradiated, and the yield of H 2 O 2 at 8 mg/ml of proanthocyanidin reached around 900 µM probably via photo-oxidation of phenolic hydroxyl groups.
As shown in Fig. 1 , the photolysis of H 2 O 2 in combination with proanthocyanidin can synergistically induce fatal damage to S. mutans cells, and the combined effect of H 2 O 2 and proanthocyanidin during photoirradiation was also confirmed in the bactericidal test against P. gingivalis Fig. 2 . According to the ESR analysis of hydroxyl radicals, however, a reverse relation was observed between the bactericidal activity against S. mutans and the hydroxyl radical yield. That is, while the bactericidal effect was augmented with an increased concentration of proanthocyanidin, the yield of hydroxyl radicals decreased. This would be attributable to the strong antioxidative activity of proanthocyanidin Bagchi et al., 1997 . That is, most of the amount of hydroxyl radicals seemed to come from the photolysis of H 2 O 2 , so that the radicals were effectively scavenged by the mM.
To examine if this augmented bactericidal effect by proanthocyanidin was attributable to hydroxyl radicals generated via photolysis of H 2 O 2 and photooxidation of the phenolic groups of proanthocyanidin as reported previously Nakamura et al., 2012 , the yield of hydroxyl radicals was determined by the ESR-spin trapping technique. In the ESR spectra of the 500 mM H 2 O 2 containing 445 mM DMPO followed by the photoirradiation, only the signal for DMPO-OH was found. Figure 3 shows a representative ESR spectrum. The spin adduct DMPO-OH was assigned using hyperfine coupling constants hfcc . The hfcc are aH=aN=1.49 mT, which coincide with those of the DMPO-OH adduct reported in a previous paper Buettner, 1987 . proton-coupled electron from the phenolic hydroxyl group of proanthocyanidin. Nonetheless, the combination of H 2 O 2 and proanthocyanidin works synergistically on S. mutans cells when photo-irradiated. As discussed in our previous study on gallic acid Nakamura et al., 2012 , one possible explanation might involve the affinity of proanthocyanidin to the bacterial cell membrane. Epicatechin gallate and epigallocatechin gallate, monomeric units of proanthocyanidin, possess an affinity to cell membranes Kajiya et al., 2001 and 2002 . In addition, it was demonstrated that the antimicrobial activity of epigallocatechin gallate was higher than that of epicatechin, and that epigallocatechin gallate but not epicatechin damaged the lipid bilayers of liposomes Ikigai., 1993 . Thus, proanthocyanidin would also have an affinity to the cell membrane because of the pyrogallol moiety in its polymeric structure. Consequently, H 2 O 2 generated from photo-irradiated proanthocyanidin around the bacterial cell membrane was further photolyzed to hydroxyl radicals, which affect the membrane structure and function, resulting in augmented sensitivity of bacterial cells to the disinfection system utilizing photolysis of H 2 O 2 .
